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The supplemental material includes data presented graphically in a number of the figures from
the manuscript and related results.
I. VIBRATIONAL ENTROPY
Nuclear resonant inelastic x-ray scattering was used to
measure the phonon density of states (DOS) of bcc 57Fe
at 39 temperatures from 30K up to the Curie transition.
This low background technique provides accurate DOS
measurements that can be integrated directly into ther-
modynamic calculations. The total vibrational entropy,
Svib, calculated from the measured phonon DOS spectra
with Eqn. 5 in the manuscript, is reproduced in Table I.
II. FORCE CONSTANTS
A Born-von Ka´rma´n (BvK) model was used to ex-
tract tensorial force constants from phonon DOS mea-
surements at 39 temperatures in the bcc phase. The BvK
model was embedded in a genetic evolution algorithm to
optimize tensorial force constants for each NRIXS mea-
surement independently. The optimizations were run in
several configurations, where different numbers of near-
est neighbors force constants were permitted to vary, with
more distant neighbor force constants fixed to the ambi-
ent temperature values1. The optimizations that varied
the first four nearest neighbors (11 variables) most accu-
rately reproduced known force constant values in our test
case, but only slightly better than the optimizations that
included only two nearest neighbors (4 variables). Klotz,
et al., also found that varying the force constants for only
two nearest neighbors could reproduce phonon trends in
bcc Fe at elevated pressure2. Table II contains the force
constants from the fits which varied only the first and
second nearest neighbors. Table III contains the force
constants from fits which permitted the first four nearest
neighbors to vary.
The force constants from the BvK fits permit calcula-
tions of phonon frequencies at any k-point in the Brillouin
zone. Some phonon dispersions along crystallographic di-
rections of high symmetry were presented in figures in the
manuscript. As shown in Fig. 6, the T2[ξξ0] branch from
Γ to N has a particularly strong temperature dependence.
Figure 8 shows the temperature dependence of the energy
for a particular phonon on this branch, the 1/2 T2[110]
phonon at the N-point. In Fig. 1 below we replot this
curve by subtracting the quasiharmonic contribution to
the softening, showing only the nonharmonic contribu-
TABLE I. The total vibrational entropy, Svib, calculated from
the phonon density of states at each temperature.
T (K) Svib (kB/atom)
30 0.020
50 0.114
130 1.122
298 3.115
299 3.145
300 3.160
300 3.135
510 4.747
523 4.781
595 5.206
647 5.489
687 5.702
740 5.916
773 6.080
805 6.240
842 6.400
870 6.492
900 6.627
923 6.713
934 6.777
962 6.888
963 6.877
981 6.962
1000 7.007
1003 7.034
1010 7.066
1023 7.104
1024 7.108
1033 7.146
1034 7.232
1039 7.208
1081 7.383
1090 7.432
1123 7.585
1135 7.557
1150 7.612
1158 7.666
1180 7.751
tion to the temperature dependence. The data in Fig. 1
are distinctly nonlinear with temperature, unlike expec-
tations from anharmonic phonon perturbation theory3.
Figure 1 also shows the magnetic entropy, Smag(T ), ob-
tained as described in the manuscript. The similarities
of the two curves in Fig. 1 suggest the importance of
2TABLE II. The fitted tensorial force constants for each tem-
perature when only two nearest neighbors (4 variables) are
permitted to vary. The remaining force constants are fixed to
room temperature values from Minkiewicz et. at.,1 (3XX =
0.92, 3XY = 0.69, 3ZZ = -0.57, 4XX = -0.12, 4XZ = 0.0007,
4YY = 0.03,4YZ = 0.520, 5XX = -0.29, 5XY = 0.32). Force
constants are reported in units of N/m.
T (K) 1XX 1XY 2XX 2YY
30 17.79 15.57 16.87 0.42
50 17.53 15.66 16.79 0.30
130 17.36 15.54 17.07 0.44
298 16.34 15.60 17.49 1.50
299 16.37 15.37 16.58 1.15
300 15.78 15.63 17.20 2.31
300 16.62 14.89 15.67 0.63
510 15.34 14.77 14.91 1.29
523 15.92 15.17 15.25 1.30
595 14.86 15.09 15.74 1.76
647 14.84 14.68 13.51 1.63
687 14.05 15.05 14.97 2.05
740 14.82 14.73 14.34 1.09
773 13.52 15.17 15.06 2.39
805 13.45 14.81 14.04 1.73
842 13.27 14.78 14.25 2.06
870 13.19 14.91 14.12 2.02
900 12.67 14.63 12.99 2.55
923 12.88 14.94 13.93 2.08
934 12.53 14.82 13.83 2.25
962 12.35 14.80 13.52 1.85
963 12.33 14.82 13.56 2.50
981 12.27 14.69 13.22 2.19
1000 12.34 14.69 13.32 2.31
1003 12.21 14.53 11.20 2.25
1010 12.27 14.75 12.55 1.98
1023 12.10 14.90 12.37 2.43
1024 12.15 14.71 12.70 2.24
1033 11.82 14.99 12.62 2.35
1034 11.52 14.60 11.84 2.07
1039 11.91 14.37 11.28 2.10
1081 12.07 14.44 10.88 1.10
1090 11.52 14.45 11.03 2.00
1123 10.83 13.89 11.06 2.18
1135 11.47 14.47 11.07 1.93
1150 11.23 14.53 11.42 1.75
1158 10.96 14.27 10.59 2.03
1180 10.83 14.51 11.56 1.98
magnon-phonon interactions for the thermal softening of
the T2[ξξ0] phonon branch.
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3TABLE III. The fitted tensorial force constants for each tem-
perature when four nearest neighbors (11 variables) are per-
mitted to vary. The remaining force constants are fixed to
room temperature values from Minkiewicz et. at.,1 (5XX =
-0.29, 5XY = 0.32). Force constants are reported in units of
N/m.
T (K) 1XX 1XY 2XX 2YY 3XX 3XY 3ZZ 4XX 4XZ 4YY 4YZ
30 17.71 15.36 16.92 -1.14 2.070 1.090 -0.50 -0.270 -0.137 -0.045 0.650
50 17.69 15.47 16.08 -0.12 1.130 0.369 -0.37 -0.451 -0.054 0.146 0.505
130 17.49 15.40 16.84 0.32 1.100 0.723 -0.55 -0.653 -0.029 0.151 0.320
298 17.50 15.04 16.18 0.26 1.160 0.355 -0.44 -0.799 -0.187 0.087 0.534
299 17.00 15.15 14.69 1.01 0.707 0.348 0.20 -0.645 -0.029 0.164 0.418
300 16.67 14.96 14.46 1.33 0.505 0.496 -0.03 -0.474 0.074 0.216 0.367
300 16.89 15.37 14.79 1.02 1.100 0.547 0.71 -0.565 -0.101 -0.030 0.569
510 16.43 14.45 12.12 1.78 -0.003 0.271 1.02 -0.752 -0.342 0.130 0.170
523 16.55 14.92 14.38 1.00 0.965 0.720 0.22 -0.393 -0.202 -0.155 0.287
595 16.15 14.72 13.23 0.89 0.752 0.029 0.46 -0.373 -0.022 -0.078 0.653
647 14.13 15.37 10.24 2.31 0.390 2.050 1.98 0.572 0.113 0.025 0.392
687 14.34 15.40 11.97 2.85 -0.207 1.150 1.73 0.459 0.003 -0.139 0.377
740 15.73 14.47 13.06 0.76 0.777 0.110 0.29 -0.144 -0.107 -0.261 0.560
773 14.72 14.97 13.12 2.22 0.041 1.690 0.97 0.081 -0.564 -0.201 -0.229
805 14.04 14.36 15.15 -0.15 1.560 2.830 0.05 0.574 -0.683 -0.607 -0.206
842 14.41 14.43 13.58 1.15 1.010 0.007 -0.05 -0.086 -0.133 -0.362 0.556
870 14.56 14.61 12.36 0.80 0.983 1.250 1.18 -0.279 -0.521 -0.347 0.130
900 14.40 14.34 8.15 4.38 -1.270 -0.239 3.13 -0.761 -0.609 -0.054 0.013
923 13.90 14.80 11.97 1.60 0.804 0.260 0.79 -0.370 -0.026 -0.223 0.537
934 13.77 14.62 12.05 2.07 0.399 0.207 1.02 -0.206 -0.263 -0.327 0.427
962 14.77 14.08 9.50 -0.25 1.050 0.069 1.57 -1.090 -0.380 -0.142 0.683
963 14.27 14.29 11.19 2.34 0.088 -0.744 1.10 -0.660 -0.445 -0.216 0.537
981 11.88 15.23 9.96 3.55 -0.519 1.370 2.27 1.350 0.180 -0.311 0.624
1000 12.33 15.00 10.41 3.93 -0.857 1.060 1.56 0.757 0.024 0.019 0.484
1003 12.94 15.17 7.88 3.52 -0.649 0.186 3.23 0.469 -0.363 -0.337 1.130
1010 13.57 14.86 8.38 3.60 -0.976 -0.529 3.02 0.116 -0.271 -0.355 0.913
1023 12.35 15.62 7.62 4.16 -1.020 0.773 3.85 0.741 -0.219 -0.208 0.778
1024 11.64 15.36 7.80 4.44 -1.060 1.320 3.36 1.060 0.123 -0.042 0.758
1033 12.18 15.42 9.59 3.46 -0.845 -0.675 2.43 0.863 0.250 -0.094 2.000
1034 13.82 14.17 6.52 4.05 -1.660 -1.910 3.39 -0.875 -0.495 -0.039 1.080
1039 13.13 14.31 6.17 4.10 -1.490 -1.250 3.39 -0.268 -0.057 0.035 1.180
1081 13.55 14.32 8.58 1.10 0.271 0.136 1.74 -0.149 -0.423 -0.446 0.495
1090 13.32 13.99 9.75 1.76 0.246 1.380 1.52 -0.401 -0.779 -0.536 -0.179
1123 10.34 14.41 8.54 3.47 -0.479 1.270 2.30 1.320 0.006 -0.397 0.754
1135 13.15 14.33 8.55 1.74 0.370 -0.554 2.12 -0.326 -0.349 -0.541 0.772
1150 14.18 13.87 6.43 2.59 -0.921 -1.850 2.78 -1.230 -0.695 -0.148 0.757
1158 11.26 14.63 7.53 3.15 -0.464 -0.543 2.49 0.352 0.114 -0.139 1.350
1180 10.02 14.93 8.50 3.90 -1.110 1.300 1.70 1.440 0.130 0.128 0.733
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FIG. 1. The deviation of the 1/2 T2[110] from the low tem-
perature quasiharmonic approximation shown in Fig. 8. The
nonharmonic deviation of this phonon mode tracks the mag-
netic entropy of bcc Fe from Fig. 9.
